The NCTU micro-orifice cascade impactor (NMCI) was redesigned and tested to enable the measurement and adjustment of the jet-to-plate distance (S) of the impactors by using a micrometer. Each stage of the NMCI contains an impaction plate and a nozzle plate which are separated. The bottom casing for impaction plate assembly and the nozzle plate holder of each stage are separated. Calibration results show that the cutoff aerodynamic diameter (d pa50 ) of the three lower stages (d pa50 D 180, 100, and 56 nm) are close to the nominal values given in Marple et al. (1991) . In addition, the S/W (W: nozzle diameter) effects on the d pa50 for the three lower stages were investigated and an empirical equation was developed to facilitate the prediction of d pa50 when the nozzle diameters may change slightly from one batch to another. The relationship between the nozzle diameter and pressure drop of the micro-orifice impactors at the fixed operational flow rate of 30 L/min was also established so that the nozzle diameters can be predicted from the pressure drop measurement. An empirical equation was proposed to express the correlation between the dimensionless cutoff size and the S/W ratio when considering isentropic flow to facilitate the design of microorifice impactors for S/W > 4. It is expected that the present NMCI could improve the accuracy of size classification of submicron particles below 180 nm, especially for nanoparticles.
INTRODUCTION
Cascade impactors are widely used to measure aerosol mass size distributions and collect samples for chemical analysis (Zhu et al. 2010 (Zhu et al. , 2012 Chen et al. 2010 Chen et al. , 2013 Kim et al. 2012; Kudo et al. 2012; Canepari et al. 2013; Li et al. 2013; Liu et al. 2013; Fang et al. 2014; Lin et al. 2014) . Commercial cascade impactors with the cutoff aerodynamic diameter (d pa50 ) covering the nanosize range include the micro-orifice uniform deposit impactor (MOUDI) (MSP Corp., Shoreview, MN, USA; Marple et al. 1991) , the quartz crystal microbalance (QCM) cascade impactor (California Measurements, Inc., Sierra Madre, CA, USA; Chaun 1970) , and the electric low-pressure impactor (ELPI) (Dekati Ltd.; Keskinen et al. 1992 ). The Berner lowpressure impactor could also collect particles of very small sizes at the lower stages (Berner et al. 1979 ; Wang and John 1988) . Extensive studies have been devoted to resolve the three major problems which may distort the size distributions when using cascade impactors. These problems include particle bounce from the collection surface, overloading of collected particles on the impaction plate, and interstage loss (Marple and Olson 2011) . Oil-coated substrates (Reischl and John 1978; Turner and Hering 1987; Pak et al. 1992; Peters et al. 2001; Gulijk et al. 2003; Liu et al. 2011; Tsai et al. 2012) , porous substrates (Huang et al. , 2005 , and specially designed substrates (Tsai and Cheng 1995; Chang et al. 1999) were used as impaction substrates to reduce solid particle bounce. For uncoated substrates used as a collection surface to avoid interference with chemical analysis from coating materials, conditioning the relative humidity of the incoming aerosols of the MOUDI was suggested to ensure that the measurement of mass distributions is not influenced by particle bounce (Vasiliou et al. 1999; Chen et al. 2011 ). To increase the particle loading capacity on impaction substrates, many efforts have been made using oil-soaked Teflon filters (Turner and Hering 1987; Tsai et al. 2012 ), rotating substrates Tsai et al. 2012) , and specially designed impaction plates (Tsai and Cheng 1995) .
The most important characteristics for cascade impactors is the particle collection efficiency curve, while interstage loss may result in the shift of the curve to the smaller size (Liu et al. 2011) or even lift-up of the left tail end of the curve (Hillamo and Kauppinen 1991) . Among the commercial cascade impactors, the MOUDI is one of the most commonly used devices for sampling nanoparticles (Chow and Watson 2007) . To solve the problems of gear wear and sometimes failure of gear motor, a second generation MOUDI, MOUDI-II, was developed using internal electric motors to replace external gear system for rotating the impaction plates (Marple et al. 2014 ). For the MOUDI, the interstage loss was measured during its initial development . The losses were found to be >10% in the inlet and the first two stages and were several percent in the intermediate stages. However, the loss for nanoparticles in all stages was not tested. In our recent study, the NCTU micro-orifice cascade impactor (NMCI) was developed and tested to avoid possible particle clogging in the nozzles using new nozzle plates with smooth nozzle shape of 120 mm in thickness fabricated by the LIGA (Lithography, Electroplating, and Molding) process to replace the 7th-10th stages in one of the MOUDI (MSP Model 110) (Liu et al. 2013) . The NMCI and the MOUDI were studied for the particle collection efficiency and nanoparicle interstage loss. The d pa50 of the 7th-10th stages of the NMCI was shown to be very close to the nominal values given in Marple et al. (1991) . Liu et al. (2013) concluded that the nanoparticle loss in the 10th stage of the NMCI and the MOUDI should be considered when determining the mass distributions of nano-particles.
The design of the nozzle plates of Liu et al. (2013) was also shown to improve the problem of nozzle clogging which results in an increase in the pressure across the cascade impactors and a decrease in the d pa50 values of the lower stages. As compared to the fragile structure of the existing nozzle plates of the MOUDI, the nozzle plates of Liu et al. (2013) with a sturdy nozzle structure allow ultrasonication of the nozzle plates for better cleaning efficiency of deposited particles in the nozzles. The nozzle strength test for the 9th-stage nozzles of the NMCI was further conducted in this study. The results can be seen in Figure S1 , which shows that the nozzle remains well-rounded without cracking after 1-h ultra-sonication.
Inertial impactors have also been studied through theoretical analysis by numerical methods (Marple 1970; Marple and Liu 1974; Marple and Willeke 1976; Rader and Marple 1985) . The design guidelines of singe nozzle impactors were developed based on the theoretical analysis which predicts the cutoff diameter and the shape of the particle collection efficiency curves reasonably well. It was concluded that an impactor would provide sharp and predicable collection efficiency curves if the value of the jet Reynolds number (Re) was between 500 and 3000, and if the S/W ratios (S: jet-to-plate distance; W: nozzle diameter) was greater than 0.5 for roundnozzle impactors. Rader and Marple (1985) recommended that the S/W ratio should be greater than unity for round-nozzle impactors to avoid sizable changes in the d pa50 resulting from small variations in the jet-to-plate distance. They indicated that the S/W ratio from 1 to 5 has almost no effect on the square root of the cutoff Stokes number at 50% particle collection efficiency, (Stk 50 ) 1/2 , for single-nozzle impactors. In addition, the effects of gravitational force , impaction plate diameter and particle density (Huang and Tsai 2002) , and porous substrates (Huang et al. , 2005 Huang and Tsai 2003) on the particle collection efficiency were further considered to extend the previous traditional theory.
In the case of multinozzle impactors, quantitative analysis has not been performed numerically due to the complexity of the flow fields. Nearly all the theoretical work and much of the experimental work have been conducted on single nozzle impactors. The results of single-nozzle impactor analysis have often been applied to multinozzle impactors which are assumed to act as a group of individual nozzles (Fang et al. 1991; Kwon et al. 2002) . However, this approach ignores an important fact that the interaction between the flows from adjacent nozzles can change the fluid mechanics in the impaction region, the location of the jet stagnation points, and the impaction characteristics of each nozzle. The particle collection efficiency was found to be influenced by the cross flow (Fang et al. 1991 ) and nozzle arrangement (Kwon et al. 2002) . Moreover, the effect of the S/W ratio on the cutoff characteristics of the multinozzle impactors (i.e., micro-orifice impactors) has been studied (Gudmundsson et al. 1995; Kwon et al. 2002; Yao and Mainelis 2006) . In Gudmundsson et al. (1995) , when S/W > 1:8, (Stk 50 ) 1/2 increased with an increasing S/W but decreased with an increasing Re at a fixed porosity (Po) which is defined as the total cross-sectional area of nozzles divided by the area of nozzle plate. An increase in the porosity also increased (Stk 50 ) 1/2 at similar Re. Kwon et al. (2002) indicated that a slight change in S/W may influence the collection efficiency even when the S/W ratio remains within the recommended range for single-nozzle impactors. Increasing the S/W ratio from 1.75 to 2.25 was shown to decrease particle collection efficiency by more than 10%. Yao and Mainelis (2006) investigated the effect of the S/W ratio on the physical collection efficiency of the multinozzle bioaerosol impactors. Results showed that the d pa50 decreased when the S/W ratio was decreased over the range from 2.7 to 9. The theoretical d pa50 were also found to be lower than the experimental values. Tsai et al. (2012) and Liu et al. (2013) found that the cutoff characteristics of the micro-orifice impactors are very sensitive to the S/W ratios for d pa50 100 nm. The results of these studies are limited to the variation of S/W ratio with the corresponding cutoff characteristics. A design guidance for the multinozzle impactors similar to that of the single-nozzle impactors is currently not available.
In the MOUDI, each stage contains an impaction plate and a nozzle plate. Both the bottom casing for impaction plate assembly and the nozzle plate holder are fixed together. The Teflon gasket between the bodies of two stages may wear off after long-term usage, leading to the change of jet-to-plate distance. This problem can be ignored for the upper stages of the MOUDI because of the relatively smaller change in the thickness of Teflon gasket as compared to the jet-to-plate distance. However, for the three lower stages of the MOUDI (d pa50 D 180, 100, and 56 nm), any tiny change in the thickness of Teflon gasket may result in a shift in the d pa50 . To measure the S/W ratio accurately is important to maintain the correct d pa50 values to achieve the accurate size-classified measurements of submicron particles below 180 nm, especially for nanoparticles.
In this study, the NMCI was redesigned to enable the measurement and adjustment of the jet-to-plate distance of the impactors by using a micrometer. Figure 1a shows the schematic diagram of the present NMCI stage which is a modification of the typical MOUDI stage. Differing from the MOUDI, each stage of the NMCI contains an impaction plate and a nozzle plate for itself. The bottom casing for impaction plate assembly and the nozzle plate holder of each stage are separated. For all stages, the geometry and dimensions of the upper casing for the nozzle plate as well as the bottom casing for the impaction plate assembly are the same. The jet-to-plate distance of the NMCI impactors can be adjusted by placing a Teflon gasket with a known thickness between the upper and bottom casings. As shown in Figure 1b , the distance from the top of upper casing to the impaction substrate and the nozzle plate is determined by using a micrometer. The jet-to-plate distance (S) is obtained by deducting the distance from the top of upper casing to the impaction substrate (S 1 , to be measured when the nozzle plate holder is removed) from that to the top of the nozzle plate (S 2 ) and the thickness of nozzle plate (S 3 ).
The nozzle plates of Liu et al. (2013) with the Po of 0.8% were used in the 7th-10th stages of the present NMCI, while the nozzles of the nozzle plates in the 1st-6th stages were made by a mechanical drilling technique. To achieve a uniform particle deposition on substrate, the nozzle plate of each stage of the NMCI rotates while the impaction plate is fixed. In the laboratory, the S/W effects on the d pa50 for the three lower stages of the NMCI were investigated and an empirical equation was developed to facilitate the prediction of d pa50 when the nozzle diameters may change slightly from one batch to another. The relationship between the nozzle diameter and pressure drop of the micro-orifice impactors at the fixed operational flow rate of 30 L/min was also established so that the nozzle diameters can be predicted from the pressure drop measurement. Furthermore, the relationship between the dimensionless cutoff size and the S/W ratio when considering isentropic flow was investigated to facilitate the design of micro-orifice impactors.
EXPERIMENTAL METHOD
Before calibration, the diameter of the nozzles, both the inlet and outlet diameter, was examined using an optical microscope (model IM35, ESPA SYSTEMS Co., Ltd., Hsinchu, Taiwan). The experimental setup for measuring particle collection efficiency, which is the same as that in the earlier work (Liu et al. 2013) , is described briefly in the following. Polydisperse aerosol particles were first generated by atomizing a solution containing dioctyl sebacate (DOS) with the concentration from 0.001 to 0.1% (v/v) using a TSI 3076 constant output atomizer and then passed through a tubular furnace (Lindberg/Blue M, model HTF55322C, Thermo Fisher Scientific Inc., Asheville, NC, USA) at a fixed temperature of 300 C by the evaporation-condensation technique. Monodisperse particles with the aerodynamic diameter from 15 to 500 nm were then generated by the electrostatic classifier (model 3080, TSI, Inc., Shoreview, MN, USA) equipped with the nanodifferential mobility analyzer (nano-DMA, TSI model 3085) or the long-DMA (TSI model 3081). A ball valve was used to simulate the pressure drop created by all previous upstream stages for calibrating the particle collection efficiency of a single lower stage of the present NMCI. The pressure difference across the impactor was determined from the inlet and corresponding exit pressures by a pressure gauge. The particle collection efficiency was calculated as the percentage of the aerosol currents at the inlet to that at the outlet of the tested impactors measured by the TSI 3068 aerosol electrometer equipped with a Faraday cage of our own design.
The square root of the cutoff Stokes number at 50% particle collection efficiency (Stk 50 ) 1/2 is defined as:
where r p is the particle density (kg/m 3 ), C c is the slip correction factor, m is the air dynamic viscosity (kg/m-s), W is the nozzle diameter (m), and V is the average air velocity at the outlet of the nozzle (m/s) determined using the mass CUTOFF CHARACTERISTICS OF THREE LOWER STAGES OF THE NMCI conversion principle:
where Q 0 is the volumetric flow rate at the inlet of the impactor (m 3 /s), P 0 is the total pressure (Pa), and T 0 is the air temperature upstream of the nozzle (K), P is the pressure (Pa) and T is the air temperature downstream of the nozzle (K), and A is the jet cross-sectional area (m 2 ). The slip correction factor depending on temperature and pressure was calculated using the temperature and pressure upstream of the nozzle (Flagan 1982; Arffman et al. 2011) . Jet velocity was calculated using the measured volumetric flow rate and stage operating pressures in this study. The sharpness of the collection efficiency curves was also characterized by the square root of the ratio of particle diameter with 84% collection efficiency to that with 16% efficiency. In order to facilitate comparison when assuming isentropic flow (i.e., assuming compressible flow in the nozzle), for the 8th-10th stages of the NMCI, the square root of the cutoff Stokes number (Stk 50, isen ) 1/2 was calculated with the nozzle velocity given by Equation (3) (Hering 1987; Hillamo and Kauppinen 1991) :
where b is the average jet velocity for isothermal conditions:
and k is the ratio of specific heats (1.4 for air), M a is the average molecular weight of gas (28.96 kg/kmol for air), R is the universal gas constant (J/K-kmol), m is the mass flow rate (kg/s), and r 0 is the stagnation air density upstream of the nozzle (kg/m 3 ). Derivation of Equations (3) and (4) can be seen in the online supplementary information.
RESULTS AND DISCUSSION

Calibration Results
During the manufacturing process for the nozzle plates of the 7th-10th stages of the NMCI by the LIGA technique, a slight difference ( §5%) in the nozzle diameters was found from one batch to another. There are 900-2000 micro-orifices with the diameter ranging from 140 to 52 mm used in these nozzle plates. As an alternative to the computer-controlled microscopic method for determining nozzle diameters, this study proposed an alternative method in which the relationship between the nozzle diameter and pressure drop of the microorifice impactors was established at the fixed flow rate of 30 L/min for estimating nozzle size from the pressure drop measurement.
For a flow through a perforated plate with rounded orifice edge for the Re greater than 3000, the resistance coefficient (K) exists, which can be calculated as (Fried and Idelchik 1989) :
where DP is the pressure difference (Pa), V 0 is the velocity at the inlet of orifice (m/s), K 0 is a coefficient depending on the shape of the orifice inlet edge and contraction angle determined from diagrams 3-7, 4-13, and 8-4 in Fried and Idelchik (1989) , and f is the free-area coefficient defined as:
where F 0 and F are the total cross-sectional area at the inlet and outlet of orifice (m 2 ), respectively. The Re of 7th-10th stages of the original NMCI of Liu et al. (2013) is around 300-450. To correct Equation (5) for 300 Re 450, the pressure drop across four nozzle plates with known nozzle inlet diameters of 261.3 § 0.9, 260.1 § 1.2, 334.6 § 1.8, and 354.3 § 1.5 mm and outlet diameters of 50.7 § 0.3, 54.4 § 0.4, 115.6 § 0.5, and 141.8 § 0.6 mm, respectively, at the flow rate of 30 L/min was measured. As shown in Figure 2 , an empirical equation was established to express the correlation between K and f as: K 0 was found to be very close to zero for the above four nozzle plates. Therefore, the resistance coefficient K in Equation (5) can be considered as a function of the free-area coefficient and it is recommended that Equation (7) be used when 300 Re 450. Now Equation (5) becomes
By subsituting f , Equation (8) can be rearranged as:
Once F is obtained, the estimated nozzle diameter (W e ) can be calculated as:
where n is the number of nozzles. The average measured nozzle diameters of the 7th-10th stages of the NMCI were compared with the estimated values to examine the accuracy of this equation. The nozzle diameters of the 7th-10th stages of the original NMCI were 138.7, 109.5, 54.3, and 50.9 mm, respectively, in which the nozzle diameter of the 10th stage was slightly smaller than the design value of 52 mm given in Marple et al. (1991) . It is expected that such a small nozzle used in the lowest stage of the redesigned NMCI could lead to a large pressure drop across the impactor. In this study, the nozzle plate of the 10th stage was replaced by one of the nozzle plates intended to be used for the 9th stage. The calibration results together with the design parameters are summarized in Table 1 . The average nozzle diameters of the 7th-10th stages of the present NMCI were found to be 135.8 §0.9, 108.1 §0.8, 54.1 §0.6, and 53.8 §0.6 mm, respectively, which are very close to the predicted values with a deviation smaller than 1%. Equations (9) and (10) were verified by the experimental data and found to be correct. That is, the nozzle diameters of the micro-orifice impactors can be estimated from the pressure drop measurement as an alternative method in addition to traditional observation method by using an optical microscope. Figure 3 shows the calibrated particle collection efficiency curves of the 8th-10th stages of the NMCI. The present design of the NMCI enables measurement and adjustment of the jetto-plate distance of the impactors. After adjusting proper S/W ratios, calibration results show that the d pa50 of the 8th-10th stages of the NMCI are 180.4, 101.7, and 56.4 nm, respectively, which are close to the nominal values given in Marple et al. (1991) . The corresponding S/W ratios are 2. 63, 14.27, and 12.64 at the jet-to-plate distance of 580, 780, and 680 mm, respectively. Figures 3a-c indicate that a change in jet-to-plate distance (i.e., S/W ratio) has a great influence on the d pa50 value for the micro-orifice impactor. For example, when the jet-toplate distance of the 8th stage is increased from 210 to 980 mm, the d pa50 is found to increase from 155.5 to 214.8 nm. Similarly, the d pa50 increases with an increasing jet-to-plate distance for the 9th-10th stages. However, the variation of the sharpness of collection efficiency curves is not strongly related to the change in the jet-to-plate distance. For example, the sharpness of the collection efficiency curve are 1.21, 1.22, and 1.28 at the jet-to-plate distance of 210, 580, and 980 mm, respectively, for the 8th stage, while for the 9th stage the sharpness of the collection efficiency curve are 1.67, 1.52, and 1.63 at the jet-to-plate distance of 290, 780, and 980 mm, respectively. A decrease in the jet-to-plate distance resulting in a steeper collection efficiency curve was found in the 8th and 10th stages, but not found in the 9th stage. Results show that the d pa50 value was significantly affected by the S/W ratio for the three lower stages of the NMCI. Therefore, the relationship between the S/W ratio and dimensionless cutoff diameter of the micro-orifice impactors needs to be investigated. Figure 4 shows the effect of the S/W ratio on the pressure drop across the 8th-10th stages of the NMCI. For the 8th stage, when the S/W ratio is less than 4, the pressure drop increases sharply as the S/W ratio decreases. However, the pressure drop remains almost constant when the S/W ratio is greater than 4. A similar trend for the 8th stage is also observed for the 9th-10th stages when the S/W ratio is less than a certain value. This is due to a boundary layer effect of the exit flow from the impaction plate. Furthermore, the S/W ratios less than the minimum values shown in Figure 4 for these three stages were not considered in this study because of very large pressure drop. The effect of the S/W ratio on the cutoff characteristics of the micro-orifice impactors was investigated by calibrating the d pa50 of the 8th-10th stages of the NMCI at several S/W ratios from 0.08 to 19.70. Results are shown in Figure 5 where (Stk 50 ) 1/2 is plotted against the S/W ratio. When the S/W ratio is less than 4, (Stk 50 ) 1/2 is found to approach a constant value with an increasing S/W, which agrees with the traditional theory of single-nozzle impactor (Marple and Liu 1974) . However, when the S/W ratio is greater than 4, (Stk 50 ) 1/2 increases gradually with an increasing S/W. (Stk 50 ) 1/2 is seen to deviate from the theoretical value of Marple and Liu (1974) , 0.477 and that of Radar and Marple (1985) , 0.49. This finding is consistent with that found by Tsai et al. (2012) . In addition, the minimum S/W ratio of the 9th-10th stages corresponds to a higher (Stk 50 ) 1/2 than that of the 8th stage, because the pressure drop across the former is larger than the latter. The linearity of the S/W ratio and (Stk 50 ) 1/2 is found to be good over the S/W range of 4-20 with the coefficient of determination (R 2 ) of 0.959.
Effect of S/W on Cutoff Characteristics
The effect of the S/W ratio on the cutoff characteristics was further examined assuming isentropic flow in the 8th-10th stages of the NMCI and results are shown in Figure 6a . Compared to (Stk 50 ) 1/2 shown in Figure 5 , the values of (Stk 50, isen ) 1/2 are nearly the same as (Stk 50 ) 1/2 for the 8th stage over the studied S/W range. However, (Stk 50, isen ) 1/2 is found to decrease from 0.537 to 0.972 to 0.472 to 0.833 for the 9th stage and from 0.565 to 0.881 to 0.551 to 0.860 for the 10th stage. This is because the pressure ratio of downstream to upstream absolute pressure of the 9th and 10th stages (Table 1) is much less than 0.97, the limit to distinguish between compressible and incompressible flow stages (Biswas and Flagan 1984; Hillamo and Kauppinen 1991) . The Mach number of the 8th-10th stages of the NMCI is also listed in Table S1 . Over the S/W range of 4-20, the S/W ratio and (Stk 50, isen ) 1/2 are found to be better correlated with the R 2 of 0.986 by the following relationship:
Stk 1/2 50;isen D 0:027S/W C 0:310 for 300 Re 450: [11] It is suggested that the nozzle velocity should be estimated by using the isentropic flow relationship for characterizing the cutoff characteristics of the three lower stages of the NMCI. Equation (11) was further validated by the experimental data of the micro-orifice impactor with smooth nozzle shape in Tsai et al. (2012) with the porosity of 0.9% and the Re of 385. The d pa50 value estimated by Equation (11) is 120 nm which is close to the design value of 100 nm. Results show that the empirical formula derived from the three lower stages of the NMCI, which is suitable for predicting (Stk 50, isen ) 1/2 as a function of the S/W ratio, can be used to facilitate the prediction of d pa50 and the design of the micro-orifice impactors with smooth nozzle shape manufactured by the LIGA method for S/W > 4. Furthermore, the normalization of dimensionless particle diameter can be seen in Figure S2 , which shows that the collection efficiency curves of different jet-to-plate distance of individual stage shown in Figure 3 overlap when (Stk isen /Stk 50, isen ) 1/2 is less than 1.0. Figure 6b shows the comparison of the cutoff characteristics assuming isentropic flow of the present study with the previous experimental data in the literature. In Figure 6b , the experimental data of Gudmundsson et al. (1995) was converted from (Stk 50 ) 1/2 to (Stk 50, isen ) 1/2 . The values of (Stk 50, isen ) 1/2 of the three lower stages of the NMCI are all smaller Gudmundsson et al. (1995) .
CUTOFF CHARACTERISTICS OF THREE LOWER STAGES OF THE NMCI than the values in Gudmundsson et al. in the entire range of S/W. This is due to a smaller porosity of 0.8% for the NMCI compared to that in Gudmundsson et al. (1995) , which is 1.3% for Re D 200, 300, and 400. A smooth nozzle shape in the NMCI also is different from the nozzle design of Gudmundsson et al. (1995) . However, (Stk 50, isen ) 1/2 of the NMCI increases gradually with an increasing S/W even when the Re is increased. This means that the effect of Re on cutoff characteristics is negligible in this study because the varition of Re in the three lower stages of the NMCI is very small.
By adjusting the S/W ratios, the influence of the nozzle diameter on the cutoff characteristics was examined so that stage d pa50 is close to 100 nm when the nozzle plates have five different nozzle diameters of 52.7 § 0.4, 53.7 § 0.4, 54.2 § 0.5, 54.8 § 0.4, and 57.2 § 0.4 mm, as shown in Figure 7a . The corresponding jet-to-plate distance were 894, 813, 781, 737, and 602 mm to achieve d pa50 of 99.8, 100.1, 100.2, 99.9, and 99.0 nm, respectively. Since the typical range of the manufactured nozzle diameter for the 9th stage of the NMCI is 53.7-54.8 mm, the jet-to-plate distance has to be adjusted from 813 to 737 mm.
As shown in Figure 7b , when the jet-to-plate distance was fixed at 780 mm for the 9th stage with the nozzle diameter of 53.7-54.8 mm, the d pa50 was found to range from 97.3 to 102.8 with the average of 100 § 3 nm. For 8th and 10th stages, a similar narrow manufactured nozzle size range yields d pa50 which are close to the specified values within 3 nm at fixed jet-to-plate distances of 580 and 680 mm, respectively. That is, the current LIGA method allows accurate manufacturing of nozzle diameters and guarantees accurate d pa50 values when the jet-to-plate distance is fixed. With new stage design, measurement and adjustment of the jet-to-plate distance becomes even easier than the exiting micro-orifice cascade impactors.
CONCLUSION
This study redesigned the NMCI of Liu et al. (2013) to enable measurement and adjustment of the jet-to-plate distance of the impactors by using a micrometer. Differing from the MOUDI, each stage of the NMCI contains an impaction plate and a nozzle plate for itself. The bottom casing for impaction plate assembly and the nozzle plate holder of each stage are separated. The distance from the top of upper casing to the impaction substrate and the nozzle plate can be measured by using a micrometer for the determination of the jet-to-plate distance. The nozzle plates of Liu et al. (2013) were used for the four lower stages to aviod possible nozzle clogging. To facilitate quick determination of nozzle diameter, the relationship between the nozzle diameter and pressure drop of the micro-orifice impactors for 300 Re 450 at the fixed operational flow rate of 30 L/min was established for estimating nozzle size from the pressure drop measurement. However, Equations (9) and (10) were only valid for the micro-orifice impactors with smooth nozzle shape manufactured by the LIGA method. Further correction for the vena contracta effect needs to be investigated to account for different nozzle contours.
Calibration results show that after adjusting the S/W ratios to proper values, the d pa50 of the 7th-10th stages of the NMCI are very close to the nominal values given in Marple et al. (1991) . The effect of the S/W ratio on the cutoff characteristics of the micro-orifice impactors was also investigated. When S=W > 4, (Stk 50 ) 1/2 increases gradually with an increasing S/W. This finding is different from the traditional theory for FIG. 7 . Relationship between nozzle diameter and (a) jet-to-plate distance and (b) cutoff aerodynamic diameter when the d pa50 is close to 100 nm. the single-nozzle impactors (Marple and Liu 1974; Radar and Marple 1985) . If the size distribution of nanoparticles smaller than 56 nm is to be determined by using the instrument such as the 13-stage MOUDI-II (MSP Model 122 or 125), the S/W effects on the cutoff characteristics should be considered to aviod possible shift of d pa50 . In addition, it is also suggested that regular examination on the thickness of the Teflon spacer and the jet-to-plate distance of the lower stages of the NMCI and the MOUDI is necessary to increase the accuracy of sampling. When operating the NMCI and the MOUDI, the pressure drop of the lower stages is found to begin to rise while the flow rate remains constant. This indicates that the nozzles in the final stages are becoming partially clogged due to particle deposition (Ji et al. 2006) . When this occurs, it is time for the nozzle plates of the lower stages to be cleaned.
An empirical equation valid for 300 Re 450 was derived by fitting the experimental data for S/W > 4 to describe the correlation between the dimensionless cutoff size and the S/W ratio when considering isentropic flow. The equation can be used to facilitate the design of the micro-orifice impactors with smooth nozzle shape. Further study for other nozzle designs with different profiles to extend the applicable range of Re is necessary. A better understanding of the performance of multinozzle impactor operating at compressible flow conditions is also worth further investigating in the future as well. This study showed that the current LIGA method allows accurate manufacturing of nozzle diameters and guarantees accurate d pa50 values when the jet-to-plate distance is fixed. It is expected that the present NMCI could improve the accuracy of size-classification of submicron particles below 180 nm. Future work should be conducted to explore the interaction between the flows and the orifices by employing the numerical method to simulate the lower stages of the NMCI under practical working conditions in the compressible flow regime.
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